To investigate the relationship between neuroretinal rim (NRR) differential light absorption (DLA, a measure of spectral absorption properties) and visual field (VF) sensitivity in primary open-angle glaucoma (POAG).
Introduction
Progressive structural changes in the optic disc and functional losses in the visual field (VF) caused by loss of retinal ganglion cells are hallmarks of primary open-angle glaucoma (POAG), one of the world's leading causes of blindness 1, 2 . There is no universally accurate test for diagnosis of POAG 3, 4 or detection of its progression 5 , and available tests often produce noisy measurements with large between-subject variability. Clinicians therefore commonly rely on building complementary information from a battery of objective and subjective structural and functional tests for both diagnosis and monitoring.
Objective imaging tools established for use in glaucoma such as optical coherence tomography, confocal scanning laser ophthalmoscopy and scanning laser polarimetry measure optic disc topography and/or retinal nerve fibre layer thickness in varying resolution. These measurements correlate with VF loss to varying degrees 6 , but considerable scatter is common to all relationships 7 . Supplementary objective imaging information on optic disc health would therefore be desirable for assessment of glaucomatous and suspect eyes. One potential source of additional information comes from the spectral absorption characteristics of the neuroretinal rim (NRR) which are not objectively quantified by current imaging tools. Multispectral imaging (also called hyperspectral imaging) can provide detailed, objective information on spectral absorption properties of imaged tissue.
Several groups have previously used multispectral imaging techniques to estimate oxygen saturation in retinal blood vessels 8, 9 , peripapillary retina 10 , and monkey optic disc tissue 11, 12 . Retinal vessel oxygen saturation changes in response to treatment of human glaucoma have also been investigated with multispectral imaging [13] [14] [15] . There is, however, a gap in current knowledge as to how spectral information from multispectral imaging of the NRR itself might relate to VF losses in POAG and whether multispectral imaging of the NRR might therefore provide useful information for assessing patients with or at risk of glaucoma.
In the present study we use multispectral imaging to explore the relationship between local wavelength-specific differences in light absorption by NRR tissue and VF sensitivity in patients diagnosed with or suspected of POAG. The multispectral imaging technique described may provide useful information for assessment of those with or suspected of POAG and we hope to stimulate further study in this promising area.
Methods
The study adhered to the tenets of the Declaration of Helsinki and was approved by the NHS Central Manchester Research Ethics Committee. All patients provided written informed consent to participate after explanation of the nature and possible consequences of the study.
Patients
Patients were recruited from the glaucoma clinics of the Manchester Royal Eye Hospital, Manchester, UK. Recruited patients were either diagnosed with, or suspected of POAG. General inclusion criteria for all patients were: age over 40 years; no other ocular disease except mild cataract; clear ocular media; refractive error within ±5.00DS equivalent and/or 1.50DC; visual acuity better than 6/12; experience of at least two prior VF tests.
Additional inclusion criteria for those diagnosed with POAG were: clinical diagnosis of POAG confirmed by an experienced glaucoma sub-specialist ophthalmologist (CHF) and receiving bilateral treatment for the disease; worse eye with (a) VF mean deviation (MD) worse than (<) -2.00dB, (b) pattern standard deviation (PSD) worse than (>)
2.00dB and (c) abnormal glaucoma hemifield test 16 ; fellow eye with at least one of a, b or c.
Additional inclusion criteria for those suspected of POAG were: Suspect or deemed at high risk of POAG by an experienced glaucoma sub-specialist ophthalmologist (CHF) based on both eyes having either (a) optic disc and/or retinal nerve fibre layer appearance suggestive of glaucomatous damage, (b) VF damage suggestive of early POAG, (c) intraocular pressure consistently >22mmHg, or (d) a combination of c with a or b; receiving bilateral prophylactic medication.
All VFs were subjectively examined to exclude any clearly non-glaucomatous losses such as hemianopia. Note that in order to recruit eyes with a range of disease stages, where both eyes of a patient diagnosed with POAG met the general inclusion criteria, both were enrolled in the study. For all suspects both eyes were enrolled. Fellow eyes were separated for data analysis (see later section on Statistical Analysis). 
Multispectral Imaging
Multispectral images were obtained with a custom-modified digital fundus camera system (figure 1) which has been described in detail elsewhere 17 . Briefly, the system incorporates a 250W tungsten halogen lamp filtered by a fast tuneable liquid crystal filter (Varispec VIS 07-20 STD, Cambridge Research Instrumentation, UK). Images were captured with a low-noise Peltier-cooled CCD array (Orca C4742-80-12AG, Hamamatsu Photonics, Hamamatsu, Japan) with a spatial resolution of 336x256 pixels (after 4x4 binning).
{insert figure 1 here}
Following pupillary dilation, narrow band (7nm half width) images were taken sequentially at five different central wavelengths selected according to the absorption properties of haemoglobin in water 18 (range 570-610nm, total acquisition time <1.0s). Specifically, we captured images at central wavelengths of 570nm where absorption is equal between oxygenated and deoxygenated haemoglobin in water, and at wavelengths where the ratio between absorption by oxygenated and deoxygenated haemoglobin in water is large (575, 580, 586 and 610nm). The wavelengths chosen are similar to those used in studies using multispectral imaging for oximetry in the eye [8] [9] [10] [11] [12] 14 and brain [19] [20] [21] . All images were subjectively reviewed for eye movement artefacts as they were captured, and any poor image sets were re-captured.
Calculation of Differential Light Absorption
Captured images were corrected for systematic variations in the spectral sensitivity of the system with a correction factor derived from images of a white surface with a flat reflection spectrum. The corrected monochromatic images were then aligned assuming that degradation due to eye movement can be approximated by a combination of translation, rotation and scaling 22 . Alignment was subjectively reviewed and repeated if movement artefacts remained.
Using a Beer-Lambert law model [19] [20] [21] (equation 1) we then calculated our metric 'differential light absorption' (DLA) on a pixel-by-pixel basis from the aligned images. DLA is a measure of the relative wavelength-specific light absorption properties of the imaged tissue, which is dependent upon the concentration of wavelength-specific absorbers in the tissue. Specifically, we find the least-squares solution to equation 1 in which the constants a and b are the molar extinction coefficients of oxygenated and deoxygenated haemoglobin in water 18 , and covariate ω is a second absorber inversely related to DLA. I λ and I 570nm represent the pixel intensities of the images obtained at each wavelength and at 570nm respectively. By calculating DLA on a pixel-by-pixel basis we can produce spatial maps of DLA by the imaged tissue.
Similar approaches have been used to estimate oxygen saturation in animal brain tissue [19] [20] [21] and human retinal vessels 8-10, 13-15 using instruments calibrated manometrically or by oxygen breathing experiments. Due to the similarities between our methods and those of previous studies we expect that our DLA metric is related to oxygen saturation. However, variations in the reflective characteristics of individual eyes make accurate in vivo calibration to oxygen saturation extremely difficult. Since in the present study we are solely concerned with determining the presence or absence of correlations with VF sensitivity, we conservatively report DLA in arbitrary relative units.
Data Analysis Differential Light Absorption Maps
Image processing was carried out in MATLAB (R2008a, The Mathworks Inc, Natick, MA, USA). HRT3 optic disc topography images were re-sampled and aligned with the optic disc DLA maps using the same method as described above. Masks were then created based on the NRR area defined in the aligned HRT3 topography (the area within the optic disc whose surface height is above a reference plane located parallel to the peripapillary retinal surface and 50μm below the retinal surface at the point where the papillo-macular bundle and optic disc margin coincide).
These masks were then applied to the DLA maps to isolate only the NRR tissue and overlying blood vessels (i.e.
peripapillary retina and optic cups were removed). Additional masks were then applied to remove visible blood vessels from the DLA maps, leaving only NRR tissue (figure 2). Masking was performed manually with reference to the original monochromatic images and relevant HRT3 topographies. Mean DLA was then calculated in the eight 45° sectors shown in figure 3 from the masked maps. These measurements have been found to be repeatable in healthy subjects, with coefficient of variation <5% for all sectors repeated both on the same day and on different days, and no significant difference between measurements taken on the same day and different days 23 .
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Comparison with Visual Field Sensitivity
VF sensitivities were grouped according to a slight modification (addition of a horizontal centre line) of a published map 24 which describes the anatomical relationship between optic disc sectors and 24-2 test locations (figure 3). The SITA algorithm used reports sensitivities on a decibel (dB) scale in which the dB is 10•log(1/Lambert). For this study, measured sensitivities at points within each group were averaged on both the dB and linear (1/Lambert) scales for comparison to DLA of corresponding optic disc sectors, similar to the approach of Garway-Heath et al 24 .
{insert figure 3 here}
Altitudinal differences in VF sensitivity were compared with differences in NRR DLA in opposing sectors above and below the horizontal midline of the optic disc. This approach of comparing altitudinal differences in VF sensitivity with differences in NRR DLA and area above and below the horizontal midline is based on the common finding of vertical within-eye asymmetry of both structural and functional damage in glaucoma 16, [25] [26] [27] [28] . It holds the advantage of using each individual eye as its own reference, thus avoiding the problem of wide between-subject variation in the measure.
Statistical Analysis
All left eyes were converted to right eye format and statistical analysis was carried out in the open-source environment R (version 2.12.1)
29
. We consider all eyes as part of a disease continuum and therefore do not separate the POAG-diagnosed and suspect eyes in our analysis. Rather than simply selecting one eye from each patient to include in the analysis we used a bootstrapping approach to more fully explore the available data whilst keeping fellow eyes separate. One-thousand samples of one eye per patient (patients with only one enrolled eye were included in every sample) were taken and correlation measured in each sample. The mean correlation and central 95% range from the 1000 samples are reported for each relationship, and p-values for mean correlations were calculated from the t-distribution with appropriate degrees of freedom for a single sample. This approach therefore reports the correlation that can be expected on average, and the range in which correlation will fall 95% of the time when one eye per patient is selected.
In order to limit the effect of outliers on the correlations found we used Spearman's rank correlation coefficient which computes correlation between the ranked order of the variables, rather than their raw values and, unlike
Pearson correlation, is unaffected by non-linearity of monotonic relationships between variables.
Specifically, the following correlations were assessed on both the dB and linear VF sensitivity scales: superiorinferior difference in NRR DLA and inferior-superior difference in VF sensitivity, sectors A-E differences in NRR DLA and VF sensitivity, sectors B-D differences in NRR DLA and VF sensitivity, sectors Csup-Cinf differences in NRR DLA and VF sensitivity, sectors Fsup-Finf differences in NRR DLA and VF sensitivity. A Wilcoxon signed rank test was used to test whether one VF sensitivity scale yielded stronger correlations than the other. Statistical significance was assumed at p<0.0045 after Bonferroni correction for multiple (11) comparisons. However, since the relationships are not independent this is a rather conservative cut-off and so we also report exact p-values for all relationships to two significant figures.
Results

Study Population
Seven patients were excluded from the study after initial enrolment due to poor pupillary dilation preventing goodquality imaging (n=3), no reliable VF test results available within six weeks prior to imaging (n=3) and recruitment in error (ocular media not clear, n=1). Twenty-nine patients comprised our final dataset, of which 4 POAG patients had only one enrolled eye. All the remaining patients (18 POAG, 7 suspect) had both eyes enrolled. Hence our final dataset included 54 eyes of 29 patients comprising 14 eyes of 7 suspects and 40 eyes of 22 POAG patients. VF tests were carried out within 10 days prior to imaging for 21 patients, and within 6 weeks for all. Since eyes from both groups were analysed together as part of a disease continuum, demographics of all eyes are shown in table 1. Figure 4 shows example spatial DLA maps from 2 patients with their corresponding VFs. In the DLA maps brighter areas represent areas with greater DLA. Anecdotally, patients were asked whether they found the multispectral imaging comfortable and all responded positively. Table 2 summarises the correlations found between altitudinal differences in VF sensitivity on both dB and linear
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Altitudinal Relationships
(1/Lambert) scales and superior-inferior differences in NRR mean DLA for all corresponding vertically opposing sectors and grouped sectors as defined in figure 3. On average when one eye per patient was sampled, statistically significant correlations were found between altitudinal differences in decibel VF sensitivity and superior-inferior differences in mean NRR DLA for the entire superior and inferior hemifields (excluding blind spot points), sectors A/E and sectors B/D. For correlations between altitudinal differences in linear (1/Lambert) VF sensitivity and superior-inferior differences in mean NRR DLA statistical significance was reached for the entire superior hemifields (excluding blind spot points) and sectors B/D.
No statistically significant difference was found between the correlations using the dB and linear scales (Wilcoxon signed-rank test, p=0.10).
All significantly correlated relationships between altitudinal differences in dB VF sensitivity and superior-inferior differences in mean NRR DLA are shown in figure 5 , and the same for linear VF sensitivity are shown in figure 6. 
Discussion
The objective of this study was to investigate whether spectral absorption properties of the residual NRR (DLA) are related to functional visual field measures in eyes with established or suspect POAG. Multispectral imaging of the NRR was performed successfully on a group of patients with suspect or diagnosed POAG and a range of VF loss. The technique used was non-invasive, comfortable for the patient, easily performed, and allowed us to produce good quality spatial DLA maps of the residual NRR which allowed discrimination of local differences in DLA.
A comparison of within-eye altitudinal differences in dB VF sensitivity to superior-inferior differences in NRR DLA yielded correlations which were statistically significant for 180 and 45 degree sectors of the superior/inferior portions of the NRR. Using a linear scale for VF sensitivity the same correlations reached statistical significance for 180 degree sectors and the superior-/inferior-nasal 45 degree sectors of the optic disc. NRR DLA was compared to VF sensitivity using both dB and linear scales as there is no a-priori framework for how the two measures should theoretically relate. This is in contrast to structural tests which are often considered as surrogate measures of the number of remaining retinal ganglion cells and therefore it is sensible to expect that these should be linearly related to visual field sensitivity. The results of this study show that NRR DLA is related to VF sensitivity measured in either dB or linear units, and has not provided strong evidence of either scale being more strongly related. Another difference between DLA and structural measures is that DLA may reasonably be expected to increase or decrease over time, or in response to changes in treatment or local ocular/systemic stress, whereas structural measures generally do not increase once retinal ganglion cells are lost. This is one reason for why we currently do not attempt to fit models to the relationships found in this moderately-sized study population as model coefficients are likely be highly dependent on the particular data used, including the time point at which the data were collected relative to the patient's treatment and local ocular/systemic stresses. Despite this inherent source of noise in these relationships our results show that on average NRR DLA is related to VF sensitivity, and further study into these factors may allow a generalisable model to be fitted similar to that used by Hood et al 7 .
Similarly, further study might also investigate whether spectral information from multispectral imaging can help to explain discordance in structural and functional measures seen in some patients.
Significant correlations were not found between NRR DLA differences in the nasal and temporal optic disc sectors and sensitivity differences in their corresponding VF areas using either dB or linear scales. These portions of the NRR are under-represented in the 24-2 VF test pattern; stronger associations might be found if the VF were better sampled in these areas such as with a 10-2 test pattern for the temporal sectors.
One source of variability in the multispectral imaging process which limits the strength of the correlations found in this study is that longer wavelength light penetrates deeper into tissues before being back-scattered 30, 31 . We make no correction for this at present with the narrow range of wavelengths used. The use of sequential image capture may also be seen as a limitation of our technique since it necessitates alignment of the captured images. However, alignment was achieved satisfactorily using an established technique 22 and sequential capture holds the advantage of individual adjustment of exposure time for each wavelength.
Another notable source of variability limiting the correlations found is the response variability in VF tests which increases with decreasing sensitivity 32 . We also make no correction for age to the VF sensitivity or NRR DLA estimates, however since we look for within-eye differences in most measures such age-correction is not necessary.
The use of Spearman's rank correlation is important in limiting the effect of outliers on correlations found in this study. Consider, for example, the first plot in figure 5 where an outlier exists towards the origin. The Pearson correlation coefficient may be artificially increased by this outlier, whereas Spearman's correlation gives it no more weight than if it lay on the edge of the rest of the data.
We suggest that the bootstrapping approach used in this study to test correlation in multiple samples of one eye per patient is a more satisfactory exploration of available data than the convention of simply selecting one eye per patient at random or based on criteria (such as worse eye) which may induce bias. The method is particularly advantageous in smaller studies as correlations found by selecting one eye per patient can vary significantly depending on which eyes are selected (note that there are over 5.2 million possible selections of one eye from each patient in a study population of the present size). In these cases a single selection of one eye per patient may not be representative of the dataset as a whole.
Our measure DLA is based on methods used in other studies to measure oxygen saturation and so we expect the two to be related. Experiments are currently being carried out in our laboratory to investigate how DLA relates to blood perfusion and oxygen saturation, and to calibrate our system to allow assignment of SI units to the measure. The
Beer-Lambert law model used to calculate DLA presently includes constants based on spectral extinction coefficients of haemoglobin in water. Clearly, adjustment of these constants pertaining to the scattering and absorption properties of the eye may improve the model and more closely relate DLA to oxygen saturation and/or blood perfusion.
In conclusion, this is the first report known to us of correlations between spectral information from multispectral imaging of the NRR and VF sensitivity in patients diagnosed with or suspected of POAG. The correlations found suggest that multispectral optic disc imaging may provide clinically useful information for assessment of those with or at risk of POAG. Further study is indicated to evaluate the mechanisms behind this relationship. 
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